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M
otivation 

•
know

ing pow
er loss from

 radiation an im
portant 

m
easurem

ent to support tokam
ak operations and physics 

•
N

STX
 w

as under-diagnosed in this area, and presently 
configured N

STX
-U

 is as w
ell 

2 

Tokam
ak 

R
esistive 

B
olom

eters 
AXU

V  
D

iodes 
N

STX-U 
0 

80 
C

-M
od (FY

15) 
28 

64 
C

-M
od (FY

11) 
32 

172 + (80 Ly
a ) 

A
S

D
EX-U

 
112 

256 
M

A
S

T-U
 

64 
0 

JE
T 

76 
0 

TC
V

 
64 

140 
D

III-D
 

48 
20 

•
at high heating pow

er, 
N

STX-U
 heat flux 

m
itigation critical 

–
radiative exhaust a robust 
tool, w

idely used 

•
w

ithout diagnostic 
upgrades w

e w
ill lack 

–
data for physics studies 

–
an ability to com

m
unicate 

research w
/ other devices 
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O
verview

 
•

different radiation m
easurem

ent techniques 
–

discuss A
XU

V
 diodes and resistive bolom

eters 
–

dem
onstrate A

XU
V diodes are insufficient for pow

er balance 

•
radiation m

easurem
ent desires from

 the N
S

TX
-U

 
team

 and feasibility 
•

N
S

TX
 resistive bolom

eter and plans for N
STX

-U
 

divertor resistive bolom
eters for FY17  

–
view

ing geom
etry of J-U

P
P

ER
 and I-LO

W
E

R
 pinhole cam

eras 
–

signal estim
ates; crude and using S

O
LPS

 
–

survivability of sensors 

•
considerations for longer term

 developm
ent of core 

and global radiation m
easurem

ents  

3 
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W
hat is M

eant B
y the Term

 ‘B
olom

eter’? 

•
literal: m

easurem
ent of som

ething throw
n, bolo 

•
practical definition is the m

easurem
ent of 

incident radiation through a rise in tem
perature 

–
‘resistive’ bolom

eter via resistance change 
•

m
easured via A

C
-excited W

heatstone bridge 
–

‘IR
’ bolom

eter via IR
 em

ission 
–

both use ‘foils’ to absorb radiation 
•

A
bsolute eXtrem

e U
ltraV

iolet (A
XU

V
) diodes 

are S
i sensors that generate photocurrent from

 
incident radiation – a ‘brand nam

e’ diode 
–

designed to be sensitive to low
 energy photons 

•
expectation both in and out of fusion is to N

O
T 

use ‘bolom
eter’ w

hen referring to A
XU

V
 diodes 

–
need to change P

PP
L vocabulary to avoid 

confusion inside and outside the group 
 

4 

4-channel resistive 
bolom

eter from
 IPT-A

lbrecht 

20-channel A
XU

V diode from
 

IR
D

 (now
 O

ptodiode) 
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A
XU

V D
iodes and B

olom
eters H

ave D
ifferent Sensitivity 

•
neither A

XU
V diodes nor 

bolom
eters are perfect 

–
foils reflect light in visible, but 
generally low

 pow
er loss 

–
foils absorb neutral pow

er loss 

5 

M
. Bernert, R

SI 85 033503 (2014) 

H
. M

eister, R
SI,  84 123501 (2013) 
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A
XU

V D
iodes and B

olom
eters H

ave D
ifferent Sensitivity 

•
neither A

XU
V diodes nor 

bolom
eters are perfect 

–
foils reflect light in visible, but 
generally low

 pow
er loss 

–
foils absorb neutral pow

er loss 

•
A

XU
V diodes have been 

dem
onstrated to be dam

aged 
during operations (V

U
V

, neuts?) 
–

stabilizes after a certain ‘burn-in’ 
•

C
-M

od going on 8 years O
K

 
•

A
U

G
 replaces year-to-year 

–
testing show

s decay > 100 eV
, 

uncertainty in response below
 

•
no one yet has show

n the 
ability to ‘correct’ for this 

 
6 

M
. Bernert, R

SI 85 033503 (2014) 

R
atio of co-view

ing A
XU

V and 
resistive bolom

eter on A
UG
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W
hile Slow

, B
olom

eters M
easure G

reater R
adiation Losses 

7 

•
exam

ples from
 C

-M
od tangential 

resistive bolom
eter and A

XU
V

 
–

strong n
z -puffing into O

hm
ic plasm

as 

•
clear signal differences noticeable 
–

observed to depend on r/a 

•
A

XU
V

 diodes proportional response 
w

hile foil bolom
eters respond slow

ly 
–

m
ust be corrected for tim

e constant 

𝐵𝑟=
𝐵𝑟𝑚

−
𝜏∗ 𝑑𝐵𝑟𝑚

𝑑𝑡
 

–
B

rm  show
n, w

eak signals im
pact dBrm /dt 

–
 t ~ 100 m

s, can evolve post-disruption 
–

difficult to resolve fast transients 
•

im
purity injections 

•
E

LM
s (done on A

U
G

, JE
T) 

•
saw

teeth, N
TM

s 
•

divertor oscillations (i.e. P
otzel fluc.) 
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A
XUV D

iodes A
re Insufficient for Pow

er B
alance 

8 

•
exam

ple from
 C

-M
od tangential 

resistive bolom
eter and A

XU
V

 
–

IC
R

F-heated inner-w
all lim

ited L-m
ode 

–
M

o dom
inated T

e,0 =3 keV
 n

e,0 =1.8x10
20 m

-3 

•
on-axis signals agree, higher T

e  due to 
x-ray dom

inated em
ission from

 M
o 

•
integrate profiles over plasm

a volum
e 

assum
ing poloidal sym

m
etry 

–
A

XU
V

: 0.8 M
W

 radiated pow
er 

–
FO

IL: 2.4 M
W

 radiated pow
er 

•
ratio of FO

IL/A
XU

V
 varies 2o

4 
–

depends on T
e  and im

purity species 
–

cannot explicitly correct as A
XU

V
 sensitivity 

is unknow
n – perhaps a neural netw

ork? 

•
cannot accurately do pow

er balance 
w

ith A
XU

V-diode based diagnostics 
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D
esires for Radiation M

easurem
ents from

 N
STX-U

 Team
 

•
Transport, R

F &
 M

acrostability 
–

pow
er balance, S

O
L &

 core localized radiation during R
F  

–
radiation w

ithin islands 
–

radiation during disruption 

•
S

cenarios 
–

total radiated pow
er (1 kH

z), available betw
een shots 

–
radial profile of core radiation for high-Z/low

-Z estim
ates 

–
radiated pow

er available for feedback control 

•
P

edestal, B
oundary 

–
pedestal resolved (1 cm

 resolution), w
ith 1-2 kH

z tim
e resolution 

–
pow

er balance, divertor vs. core radiation, upper vs. low
er div. 

–
2D

 (R
,Z) reconstructions of radiated pow

er density in divertor 
–

3D
 radiation distribution w

/ non-axisym
m

etric fields 

 
9 
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R
eality of Radiation M

easurem
ents for NSTX-U 

•
Transport, R

F &
 M

acrostability 
–

pow
er balance, SO

L &
 core localized radiation during R

F  
–

radiation w
ithin islands 

–
radiation during disruption (int. energy loss) 

 
 

 

•
S

cenarios 
–

total radiated pow
er (1 kH

z)  (100 H
z) available betw

een shots 
–

radial profile of core radiation for high-Z/low
-Z estim

ates 
–

radiated pow
er available for feedback control (likely both) 

•
P

edestal, B
oundary 

–
pedestal resolved (1 cm

 resolution), w
ith 1-2 kH

z tim
e resolution 

–
pow

er balance, divertor vs. core radiation, upper vs. low
er div. 

–
2D

 (R
,Z) reconstructions of radiated pow

er density in divertor* 
–

3D
 radiation distribution w

/ non-axisym
m

etric fields* 
 

10 

A
XU

V D
iodes 

R
esistive 

B
olom

eters 

*exploit IR
-im

aging bolom
eters? 



N
STX-U 

NSTX-U Bolom
etry O

verview
 – M

onday Physics M
eeting 8/10/2015 

Tim
etable for R

adiation M
easurem

ents for NSTX-U
 

•
Transport, R

F &
 M

acrostability 
–

pow
er balance, SO

L &
 core localized radiation during R

F  
–

radiation w
ithin islands 

–
radiation during disruption (int. energy loss) 

 
 

 

•
S

cenarios 
–

total radiated pow
er (1 kH

z)  (100 H
z) available betw

een shots 
–

radial profile of core radiation for high-Z/low
-Z estim

ates 
–

radiated pow
er available for feedback control 

•
P

edestal, B
oundary 

–
pedestal resolved (1 cm

 resolution), w
ith 1-2 kH

z tim
e resolution 

–
pow

er balance, divertor vs. core radiation, upper vs. low
er div. 

–
2D

 (R
,Z) reconstructions of radiated pow

er density in divertor 
–

3D
 radiation distribution w

/ non-axisym
m

etric fields 
 

11 

FY17 
FY18+ 
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C
apabilities for FY15/16 N

STX-U
 O

perations 

•
m

idplane A
XU

V (B
ay-G

) 
–

x2 20-channel A
XU

V
 diode arrays 

view
 tangentially on m

idplane 
–

resolve in/out asym
m

etry 
–

com
pute estim

ate of core radiated 
pow

er by volum
e integrating 

•
edge A

XU
V (B

ay-G
) 

–
20-channel LFS

 edge 
–

tangential view
 just below

 m
idplane 

–
unfiltered portion of M

E
-S

XR
 

•
divertor A

XU
V (B

ay-G
) 

–
the Ly

a  cam
era w

/o Ly
a  filter 

–
20-channel poloidal view

 
–

spans divertor region and LFS
 edge 

 

12 

N
S

TX-U
 

center 
stack 

H
H

FW
 

antennae 
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Existing N
STX R

esistive B
olom

eter System
 

•
x3 pinhole cam

eras at J-U
PP

ER
 (8-ch), I-LO

W
E

R
 (8-ch) and 

J-M
ID

PLAN
E (4-ch, not show

n) highlighting the divertor 
•

never utilized, prior iterations had far few
er channels installed 

–
no hardw

are w
as reinstalled for N

S
TX

-U
 

 

13 

J-UPPER 

J-UPPER cam
era 

I-LO
W

ER 
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Existing N
STX R

esistive B
olom

eter System
 

•
x3 pinhole cam

eras at J-U
PP

ER
 (8-ch), I-LO

W
E

R
 (8-ch) and 

J-M
ID

PLAN
E (4-ch, not show

n) highlighting the divertor 
•

never utilized, prior iterations had far few
er channels installed 

–
no hardw

are w
as reinstalled for N

S
TX

-U
 

 

14 

m
odification of view

ing geom
etry needed 
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Estim
ates Suggest Sufficient R

adiation in M
any Scenarios 

•
use radiated pow

er fractions to esim
ate signal levels 

–
core em

issivity = fR
A

D *fC
O

R
E *P

H
E

A
T /V

olC
O

R
E

 

–
‘divertor’ em

issivity = fR
A

D *(1-fC
O

R
E )*P

H
E

A
T /V

olD
IV

 

•
line integrate through both volum

es 

15 

R
x =0.55 [m

] 
dr=0.1 [m

] 

>0.05 M
W

/m
2 noise floor 
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Further Scoping U
sing SO

LPS Sim
ulations (J. Lore) 16 

•
density scan at 10 M

W
 to access different divertor regim

es 
•

results show
 m

ovem
ent of narrow

 radiation features 
n

e =0.2x10
20 [m

-3] 
n

e =0.5x10
20 [m

-3] 
n

e =1.0x10
20 [m

-3] 
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Spatial R
esolution Sufficient, Possibly Too C

onstrained 

•
ported tools from

 C
-M

od to assist in 
diagnostic design (G

E
N

P
O

S
) 

–
assum

es axisym
m

etry 
–

grid detector/aperture and traces 
hyperbolic paths through tokam

ak 
–

plot ‘voxel’ w
eightings on (R

,Z) plane 
(contour plots – left) 

•
old design uses a circular pinhole 
w

hich doesn’t exploit axisym
m

etry to 
increase signal 

17 

J-U
PPER

 
N

orm
al A

p. 

I-LO
W

ER
 

N
orm

al A
p. 
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Spatial R
esolution Sufficient, Possibly Too C

onstrained 

•
ported tools from

 C
-M

od to assist in 
diagnostic design (G

E
N

P
O

S
) 

–
assum

es axisym
m

etry 
–

grid detector/aperture and traces 
hyperbolic paths through tokam

ak 
–

plot ‘voxel’ w
eightings on (R

,Z) plane 
(contour plots – left) 

•
old design uses a circular pinhole 
w

hich doesn’t exploit axisym
m

etry to 
increase signal 
–

increase signal by x5 by increasing 
toroidal extent of aperture 

–
flexibility in signal/resolution optim

ization 

18 

J-U
PPER

 
N

orm
al A

p. 

J-U
PPER

 
W

ide A
p. 
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R
adiation Structures O

bservable w
ith Sufficient Signal 19 

•
‘tw

eaked’ view
s to 

be N
S

TX-U
 relevant 

•
com

puted signals 
based on finite ap. 
–

fR
A

D  < 10%
 

–
fR

A
D  ~ 30%

 (show
n) 

–
fR

A
D  ~ 75%

 

•
at low

 fR
AD , signals 

approach noise floor 
–

‘hand-off’ to the IR
 

for pow
er balance 

•
w

/ sm
all changes, 

low
er divertor 

system
 feasible for 

FY17 operations 

n
e =0.2x10

20 [m
-3] 

n
e =0.5x10

20 [m
-3] 

n
e =1.0x10

20 [m
-3] 
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N
eed to Im

prove Therm
al M

anagem
ent D

uring B
ake 

•
previous failure of the resistive 
bolom

eters thought to be tied to bake  
–

survive C
-M

od, A
U

G
 ~ 150 oC

, no cooling 
–

survive D
III-D

 300 oC
 bake (different res. 

bolom
eter) w

/ active cooling and interlock! 
•

cooling design is very poor if goal is  
therm

al m
anagem

ent of gold foil 
–

bolom
eter housing is not physically 

attached to copper cooling sink 
•

attached to stainless shield plate 
•

m
ust radiatively cool w

/ heat sink 
–

gold foil elem
ent is designed to have 

poor conduction to housing w
hich is 

w
hat m

akes it a good bolom
eter 

•
it sees w

ide angle view
 of ‘snout’ 

w
hich is up at bake tem

perature 

20 

I-LO
W

ER cam
era 

w
ithout ‘snout’ that 

has aperture 
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C
oncepts to Im

prove B
olom

eter Survivability 

•
use the bolom

eter itself to m
onitor the 

tem
perature, no therm

ocouple needed 
–

calibrate the ‘tim
e constant’ the pinhole 

cam
era to external heating 

–
bolom

eter o
 com

parator circuit o
 E

PIC
S

, 
m

onitor tim
e evolution, shut dow

n the bake 21 

EXISTIN
G

 
D

ESIG
N

 

N
EW

 
C

O
NC

EPT 

•
im

prove m
echanical design to 

better handle heat bake 
–

double cooling loops? 
–

attach bolo housing to heat sink 
–

collim
ate FO

V
 of foil elem

ent 
from

 structures at bake tem
p 

–
route heat around critical 
tem

perature elem
ent rather 

than through it! 
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O
perations Support – G

lobal ‘2p’ B
olom

eter 

•
sacrifice localization and for a robust ‘global’ radiation from

 a single 
channel w

ide-angle view
 (C

-M
od: diode &

 foil) 

22 

FO
IL 

D
IO

D
E 

tw
o w

ire output to 
resistance com

p. 
circuit w

/ derivative 



N
STX-U 

NSTX-U Bolom
etry O

verview
 – M

onday Physics M
eeting 8/10/2015 

If W
ishing M

ade It So…
.. 

•
scoping for 84-channel to deliver on objectives discussed earlier 
–

pow
er balance, core vs. divertor radiation, intershot analysis 

•
large dem

and on resources, but looking to deliver m
easurem

ent 
w

hich is usually established early in the life cycle of m
ost tokam

aks 
 

23 

tang. points 
of tor. view

 

look to how
     

IR
-based 

bolom
eters 

m
ight assist, but 
technology is 

m
ore risky than 

resistive 
bolom

eters 
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If W
ishing M

ade It So…
.. 

•
scoping for 84-channel to deliver on objectives discussed earlier 
–

pow
er balance, core vs. divertor radiation, intershot analysis 

•
large dem

and on resources, but looking to deliver m
easurem

ent 
w

hich is usually established early in the life cycle of m
ost tokam

aks 
–

m
oves us closer to system

 like A
S

D
EX-U

pgrade w
hich has sufficient A

XU
V

 
(256-ch) and resistive bolom

eters (112-ch) to study 2D
 &

 3D
 structures 

 

24 

M. Bernert, RSI 85 033503 (2014) 
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C
ore R

adiation From
 Tangential View

? 

•
tangential m

idplane view
 optim

al to m
easure core radiation 

–
easy to interpret, overcom

es largest pol. asym
m

etry (IN
/O

U
T) 

•
suggest exploring view

 from
 N

BI-2 beam
 duct 

–
com

pact pinhole cam
eras can utilize space betw

een V
V &

 coils 

25 

X 
m

ake m
inim

al 
hole for FO

V, 
set aperture 
back from

 
duct w

all 
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C
ore R

adiation From
 Tangential View

? 

•
tangential m

idplane view
 optim

al to m
easure core radiation 

–
easy to interpret, overcom

es largest pol. asym
m

etry (IN
/O

U
T) 

•
suggest exploring view

 from
 N

BI-2 beam
 duct 

–
com

pact pinhole cam
eras can utilize space betw

een V
V &

 coils 

26 

a 32-channel 
system

 could 
view

 from
 

LFS to H
FS 

and doesn’t 
N

O
T fit 
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Try to Increase C
hannel C

ount per Flange 

27 

Physical M
ounting 

Cooling Feedthrough 
Shutter Actuator 

to plasm
a 

Cable 
feedthrough 
(high density) 

Cable 
feedthrough 
(high density) 

present J-U
PPER

 cam
era 

5-pin O
DU/ch 

•
present 8-ch per 6-3/4” flange 

•
use 2D

 or 3D
 cross to expand 

–
easily get > 32 channels 

–
issue w

ith port-to-floor distance on I-
LO

W
E

R
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Try to R
educe A

nalyzer C
ost/C

hannel 

28 

•
present electronics are expensive 
take up significant space 
–

12 k$ per 4-channel unit 
–

G
P

IB
-based configuration and control 

•
new

 FP
G

A
-based system

 under 
developm

ent and dem
onstration 

–
m

otivated by M
A

S
T-U

 cost needs 
–

G
. N

aylor (C
C

FE
), J. Lovell &

 R
. S

harples 
(D

urham
 U

niv.) 
•

data from
 U

niv. of York bolo test-stand 
–

by D
-tA

cq so it plays w
ell w

ith M
D

S
P

lus 
–

15 k$ for 32-channel unit 
•

D
-tA

cq system
 not fully costed and 

risk-assessed, but likely w
ill be a 

m
eans of m

ajor cost reduction 

4-channel analyzer/am
plifier from

 IPT-A
lbrecht 

48-channel analyzer from
 D

-tAcq (prototype) 



N
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Sum
m

ary 
•

N
S

TX
-U

 stands out am
ongst large fusion facilities by 

its lack of resistive bolom
eters 

•
resistive bolom

eters are necessary for pow
er 

balance and cannot be replaced by A
XU

V
 diodes 

–
A

XU
V

 diodes com
plem

ent resistive bolom
eters 

•
existing designs for resistive bolom

eters view
ing the 

low
er divertor should be adaptable for FY17 ops 

–
need to adjust lines of sight, throughput &

 therm
al m

anagem
ent 

•
developm

ent needed beyond FY
17 to deliver 

m
easurem

ents necessary for pow
er balance &

 m
ore 

–
several risk (IR

, resistive) and cost (port space, $$) m
itigation 

strategies need to be considered 
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